Six cases of post-extubation pulmonary oedema in otherwise healthy patients are reported. All were preceded by an episode of laryngospasm and followed a clinical course similar to that previously documented in cases of postobstructive pulmonary oedema. Frank haemoptysis was a feature of five of the presentations. One patient was reintubated and ventilated, two were admitted to the intensive care unit for mask CPAP, one was managed with CPAP in the recovery ward and two with supplemental oxygen only. All cases resolved fully within 24 hours. Some evidence points to the syndrome being the result of airway bleeding rather than true pulmonary oedema. The literature suggests that it occurs more commonly than is generally thought, with a frequency of 0.05 to 0.1% of all anaesthetics, and is often unrecognised or misdiagnosed. Most cases occur in the early postoperative period, so anaesthetists are well placed to witness, investigate and manage this interesting condition.
During a 12-month period at our institution, six young and previously healthy males developed pulmonary oedema following an episode of postextubation laryngospasm. Cases were gathered from personal experience, monthly morbidity and mortality meetings and a review of unplanned postoperative intensive care unit (ICU) admissions for pulmonary oedema (from the intensive care database). Anaesthetic records and radiological reports were scrutinised. Longer-term follow-up occurred successfully in four patients after a period of eight to 14 months; two others had moved away from the area and could not be contacted. In this article the cases are described, pathophysiological mechanisms discussed, results of investigations reviewed, differential diagnoses explored and recommendations made for treatment and prevention.
CASE HISTORIES Case 1
A 36-year-old male smoker with a history of Crohn's disease and epistaxis underwent examination of a peri-anal fistula under anaesthesia. He was usually fit and active. He was intubated after induction with propofol, rocuronium and fentanyl. Laryngospasm occurred at extubation followed by frank haemoptysis after its relief. Chest X-ray (CXR) showed "bilateral peri-hilar air space consolidation" and he was reintubated. He improved quickly, was extubated 12 hours later and discharged from ICU after 24 hours. Follow-up CXR at 20 hours showed clear lung fields. Computerized axial tomography (CT) of the thorax was performed and showed a "ground glass" appearance consistent with alveolar haemorrhage. He was further reviewed by respiratory and renal physicians for evidence of a vasculitic process but no such evidence was found. Contact at 12 months revealed no further problems.
Case 2
A 26-year-old male weightlifter underwent repair of a strangulated inguinal hernia. He had no previous medical problems. Rapid sequence induction was performed using thiopentone, rocuronium and pethidine; anaesthesia was maintained with isoflurane and nitrous oxide. Laryngospasm occurred at extubation and he became hypoxaemic, with arterial oxygen saturation (SaO 2 ) falling below 70%. Hypoxaemia persisted following relief of the laryngospasm and he began coughing bloody sputum. CXR showed "alveolar opacification of both hemithoraces". He improved clinically with continuous positive airway pressure (CPAP) applied by mask. The following morning CXR showed "resolution of alveolar changes" and he was well enough to be discharged from ICU. There had been no further problem at 14-month follow-up.
Case 3
A 20-year-old male first grade soccer player with history of mild asthma presented for appendicectomy. A rapid sequence induction with thiopentone and suxamethonium was performed and anaesthesia continued with morphine, vecuronium, nitrous oxide and isoflurane. Laryngospasm occurred at extubation. After its relief there was severe hypoxaemia (SaO 2~7 0%) associated with copious amounts of bloodstained fluid from the airway. CXR showed "gross perihilar airspace changes" bilaterally and normal heart size. Repeat CXR following 12 hours of mask CPAP in ICU showed clear lung fields. He was discharged home the following day. Telephone enquiry at 12 months revealed that he had had no further problems.
Case 4
A 27-year-old male, usually healthy, underwent internal fixation of tibia and fibula following a motor cycle accident. Rapid sequence induction was performed. Drugs used were thiopentone, rocuronium, morphine, isoflurane and nitrous oxide. After an uneventful procedure he was noted to be hypoxaemic (SaO 2~8 5%) in the recovery room despite supplemental oxygen. He had crepitations throughout his chest and CXR showed "widespread increased vascular markings". Mask CPAP was given in the recovery ward and there was complete clinical recovery and a normal CXR by next morning.
Case 5
A 15-year-old male with cellulitis of the face from a dental abscess was intubated after induction with propofol, rocuronium, cricoid pressure and fentanyl. Anaesthesia was then maintained with isoflurane and nitrous oxide whilst the abscess was drained. Severe laryngospasm occurred at extubation followed by dyspnoea, haemoptysis and symmetrical bilateral opacities on the CXR. He was treated with nasal prong oxygen supplement only and complete clinical and radiological resolution occurred within six hours.
Follow-up at eight months found that no further problems had occurred.
Case 6
A 21-year-old male underwent removal of suspected melanomas from ear and leg. He had a history of mild oesophageal reflux symptoms. He was intubated under propofol, rocuronium and with cricoid pressure. Anaesthesia was maintained with pethidine, nitrous oxide and isoflurane. Laryngospasm occurred at extubation and was relieved by 20 mg suxamethonium. He then coughed up a small amount of bloody sputum, which did not persist. He was not hypoxaemic on nasal prong oxygen. However, in view of our previous experiences, a CXR was performed and revealed bilateral opacities consistent with pulmonary oedema. These had cleared 24 hours later without further treatment.
DISCUSSION
These episodes of pulmonary oedema occurred in fit, healthy males and were self-limiting with supportive treatment. The age range was 15 to 36 years and presentation ranged from severe and lifethreatening to mildly symptomatic. Comparison of anaesthetic techniques and drugs showed no obvious pattern other than that all patients had been intubated. Laryngospasm was universal but its severity did not appear to correlate with that of the subsequent events. The radiological features were striking but transient; heart size was always normal. Application of positive airway pressure was the mainstay of treatment but only one patient required reintubation. There was no suggestion of cardiorespiratory disease before or after the event.
In 1960 Swann reported pulmonary oedema at autopsy in victims of hanging 1 . It was not clear whether this was a pre or post mortem change. In 1973 Capitanio described pulmonary oedema in children following upper airway obstruction 2 and four years later Oswalt described the same phenomenom in adults 3 . His three cases followed upper airway obstruction from tumour, hanging and strangulation respectively; none of the cases involved general anaesthesia. Jackson in 1980 described a case in which post extubation laryngospasm was the cause of the upper airway obstruction 4 . Since then a number of case series have been reported, the largest a retrospective study of 30 cases by Deepika in 1997 5 . Holmes presented seven cases in fit young athletes and suggested that the incidence was grossly underestimated 6 . Kollef presented a heterogenous group of seven cases: one died, one had a delayed presentation (4 hours) and one did not have obvious upper airway obstruction 7 . In 1993 Cascade reviewed the radio logical features and commented both on the typical rapid resolution and the previous lack of recognition in the radiological literature 8 .
In total there have been over 100 cases reported. The terms "postobstructive pulmonary oedema", "negative pressure pulmonary oedema" and "laryngospasm induced pulmonary oedema" 4 have been used. The common pattern in these cases is the occurrence of an episode of airway obstruction at emergence from general anaesthesia, followed by the rapid onset of respiratory distress, haemoptysis and bilateral radiological changes consistent with pulmonary oedema. There is then rapid and complete resolution of both clinical and radiological features within 24 hours. Patients are usually young and athletic and there are no sequelae once recovery has occurred. Variations on this pattern include the absence of obvious upper airway obstruction, absence of a recent general anaesthetic, unilateral pulmonary oedema 9,10 , a delay in presentation of up to 24 hours 6, 7 and progression to acute lung injury and death 7 . The upper airway obstruction usually results from laryngospasm but other reported causes include epiglottitis, bilateral vocal cord palsy, acromegaly, goitre and obstruction of the endotracheal tube.
Various mechanisms have been proposed, although the precise pathophysiology is uncertain. Negative intra-alveolar pressure (which has been measured at -100 mmHg during the Muller manoeuvre) will directly alter Starling forces across the pulmonary capillary by lowering the pulmonary interstitial hydrostatic pressure. This negative pressure also disturbs cardiovascular physiology. Increased right heart filling, decreased left heart filling, increased left ventricular (LV) afterload (transmural pressure) and decreased LV ejection lead to increased pulmonary capillary hydrostatic pressure 11, 12 . Thus the pulmonary capillary transmural pressure is increased by two mechanisms, favouring transudation of fluid into the pulmonary interstitium. The resultant mechanical stress may disrupt the integrity of pulmonary or bronchial capillaries 13, 14 . It was notable that most of our patients were young and strongly built, and could be expected to generate highly negative intrathoracic pressures. Such pressures appear to be necessary but not sufficient for the development of this condition. Others factors postulated include the effects of hypoxia and the hyperadrenergic state on cardiac function and capillary permeability 15, 16 . Recent work in rats demonstrated impairment of alveolar fluid clearance by volatile anaesthetic agent 17 , raising the possibility that the anaesthetic itself plays a role in the pathogenesis. Myocardial depression by residual anaesthetic agent in the early postoperative period may make this a particularly susceptible time for the development of pulmonary oedema.
Investigations performed on patients during episodes of postobstructive pulmonary oedema include oedema fluid analysis, measurement of cardiac filling pressures and bronchoscopy. Echocardiography has been performed after but not during an episode. Oedema fluid analysis has consistently shown a high protein content (oedema: plasma albumin ratio) 7, 18 . This suggests that the fluid is an exudate and is evidence for disruption of capillary integrity rather than simple rearrangement of Starling forces. When measured, cardiac filling pressures have been low or normal 5, 7, 16, 19, 21 , as may be expected with a non-cardiogenic pulmonary oedema. Follow-up echocardiographs have generally been normal 15, 20, 22 , although one study in 1997 revealed echocardiographic abnormalities in three of six patients following an episode of postobstructive pulmonary oedema 23 . One of these patients had hypertrophic cardiomyopathy and the other two had combined pulmonary and tricuspid regurgitation. Whether these findings were related to the event was not clear, and in the latter cases would seem unlikely. Bronchoscopy has been performed in at least two patients during an episode. The first showed haemorrhagic lesions lining the mucosa of the trachea and large bronchi 16 . This led to the interesting speculation that airway bleeding rather than pulmonary oedema was the dominant event and that this in turn was due to disruption of the high-pressure bronchial rather than the low-pressure pulmonary capillaries. This would be in keeping with the other physical findings as discussed above. Schwartz recently described a case of alveolar haemorrhage following upper airway obstruction 24 : bronchoscopy showed fresh blood in the airway. Bhavani-Shankar presented a case in which airway bleeding was extensive and suggested the term "negative pressure injury" might be a more appropriate description of the observed phenomenom 25 . Haemoptysis was a prominent feature in five of our six cases, and one patient underwent investigation for a vasculitic process because his clinical and radiological features were so suggestive of alveolar haemorrhage. This feature did not seem to have the same significance as airway bleeding during cardiogenic pulmonary oedema, when it is usually a preterminal event 26 .
Differential diagnoses include aspiration pneu-monitis, occult cardiac disease, fluid overload and anaphylaxis. Aspiration can produce a clinical picture similar to that seen here. Olsson described an incidence of aspiration during anaesthesia of one in 2131 patients, with a mortality of 1:50,000 27 . Many of our patients were at increased risk of aspiration, perhaps because this patient subgroup at risk for postobstructive pulmonary oedema (young, fit males) commonly presents for emergency surgery. Likewise, such patients will usually be intubated, which itself makes postoperative laryngospasm more likely. However rapid onset and resolution of radiological changes is not a feature of aspiration 28, 29 . A review by Landay suggested that the radiological changes of aspiration lag behind the clinical effects and only half had cleared after three days 30 . All our cases had cleared radiologically by 24 hours; none showed radiological progression. As in other case series, usual precautions were taken and there was no clinical evidence of aspiration occurring. Our patients' age, exercise tolerance and lack of sequelae make underlying cardiac disease unlikely, although none has had follow-up echocardiography. The largest quantity of intravenous fluid administered was one litre over two hours (case 3). No patient had any evidence of anaphylaxis. We were initially surprised at the frequent occurrence of this problem in one year. However, review of the literature suggests an incidence of about one case per thousand anaesthetics. Lorch reported that the main risk factor was a predisposition to upper airway obstruction 31 . Three case series, involving a total of 193 patients with upper airway obstruction, found that 10% developed subsequent pulmonary oedema [32] [33] [34] . Since the incidence of perianaesthetic laryngospasm is reckoned to be about 1% 35 , this gives an overall incidence of "post-laryngospasm" pulmonary oedema of 0.1%. Deepika reviewed 30 cases of postobstructive pulmonary oedema in one institution and independently arrived at a figure of 0.094% 15 . Thus our own incidence of at least six cases from an annual caseload of around 12,000 (~0.05%) is consistent with previously published figures. The evidence suggests that the phenomenon is more common than is generally thought and probably overlooked and misdiagnosed. It may even be a factor in some cases of paroxysmal nocturnal dyspnoea or neurogenic pulmonary oedema if upper airway obstruction occurs during sleep or following head injury. If a CXR is performed whenever significant upper airway obstruction occurs, subclinical cases may be detected 4 , as illustrated by case 6.
Treatment modalities employed in our series ranged from nasal prong oxygen through mask CPAP to intubation and positive pressure ventilation. It appears that the important principle is early application of positive pressure to the airway. Nasal bi-level positive airway pressure, mask CPAP and intubation and ventilation with PEEP have been used successfully for this purpose in other case reports. Only one of our patients was reintubated, a more conservative approach than that of others who have recorded an 85% reintubation rate 5, 36 . Diuretics are often administered but their role is uncertain 5 . Early relief of laryngospasm with neuromuscular blockers has been suggested as a preventive measure. This will prevent the sustained negative intrathoracic pressure, hyperadrenergic drive and hypoxia implicated in the pathogenesis of postobstructive pulmonary oedema. Our mildest case was notable for the early use of suxamethonium to "break" the laryngospasm.
In conclusion, postobstructive pulmonary oedema is a well described but probably under-recognized clinical syndrome. It is an important cause of morbidity, unplanned intensive care admission and occasionally mortality in young and otherwise healthy patients. It may occur as often as once per thousand anaesthetics and follow 5 to 10% of episodes of upper airway obstruction. Prevention and early relief of upper airway obstruction should decrease the incidence. Early recognition allows prompt application of positive airway pressure and a rapid resolution. Noninvasive methods of providing positive airway pressure appear to be effective. The exact mechanism is unclear; most likely the phenomenon results from a combination of factors which commonly coincide in the early postoperative period. It is possible that the term pulmonary oedema is a misnomer and that the phenomenon relates instead to airway bleeding from disruption of bronchial capillaries. Further study of patients during an episode, in particular echocardiography and bronchoscopy, may clarify the pathophysiology and add to our understanding of pulmonary oedema in general.
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